Physics and Massachusetts Institute of Technology Plasma Science and Fusion Center have been collaborating on experimental advanced superconducting tokamak (EAST). Presented in this paper are RF, disruption, and thermal stress analyses of EAST antennas. Analyzed are I port four-strap and B port 2 × 2 strap antennas, which are currently installed on EAST. As for RF analysis, scattering parameters are checked to make sure that the antennas are loaded, and then electric field parallel to magnetic field are checked to find out if they are below the permissible level. As for disruption analysis, mechanical stresses for both straps with the support box and Faraday screen are obtained. As for thermal stress analysis, temperature and thermal stress for a typical strap and a Faraday tube were presented. All analyses were performed by COMSOL commercial finite-element analysis software package version 5 or 5.2.
design [2] , [3] . A typical Faraday shield cooling tube and a typical current strap were selected for heat transfer and structural analysis [3] . An EM analysis of the four-strap antenna was performed by the use of ANSYS HFSS code, aiming to reduce parallel electric field and to investigate the current drive using fast magnetosonic wave. The S-parameter, RF current distribution, and electric filed distribution on and near the antenna were presented [4] . A new EM code based on the method of moments for EAST ICRF double-loop antenna was presented with antenna power 6 MW during 30-110 MHz and study frequency range up to 500 MHz [5] .
The purpose of this paper is to evaluate the performance of the antennas in aspects of RF, disruption, and thermal stress. The EAST antennas to be studied are I and B port antenna, for abbreviation, I and B antennas, as shown in Fig. 1 . RF analysis has been successfully applied to four-strap antenna on Alcator C-Mod, which is located at MIT Plasma Science and Fusion Center [6] , [7] . A linear 3-D coupling of ICRF waves in C-Mod was performed for rotated four-strap antenna using Finite Element Analysis code, which includes the actual scrape off layer density profiles, the 3-D solid geometry of the launcher, with a cold plasma load, and reduced the average RF potential along the magnetic field lines [8] .
RF analysis gets insight into the coupling mechanism to optimize antenna plasma coupling. A lossy dielectric model was created, which loads the antenna. The scattering parameters (S-parameter) were extracted. Peak electric field parallel to the magnetic field of the straps, coaxes, and other components were determined. Parametric study of a series of operation frequencies on the electric field was also performed.
Disruption analysis addresses the impact of the magnetic field and plasma. Temporal currents of poloidal field (PF) and plasma, as well as the spatial toroidal field were imported into the EM model. The structural analysis afterward determined the stress due to antenna loads generated during the 0093-3813 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. disruption. The loads resulted from the reaction of circulating eddy currents in the antennas with the toroidal and poloidal magnetic fields. Thermal stress analysis, a fluid-heat transfer-structural multiphysics analysis, performed for the strap and Faraday rod by applying heat loads from the plasma, ripple trapped particles, and RF heating for steady state, is also presented.
In this paper, we expand the methods in Section II. The analysis results are presented in Section III. Discussion on the benefits of a future field-aligned (FA) four-strap antenna is given in Section IV, and the conclusions are summarized in Section V.
II. METHODS
Since there will be three kinds of analyses for the antennas, the methods will be described in three subsections: 1) method for RF analysis; 2) method for disruption analysis; 3) method for thermal stress analysis.
A. Method for RF Analysis

1) Geometry for RF Analysis:
The CAD models of I and B antennas are shown in Fig. 2 . Fig. 2(a) shows the 3-D assemblies of both antennas, with the straps shaded to be distinguished from the other components. Fig. 2(b) shows the exploded view of I antenna, with the main components indicated. For the purpose of clarity, straps are hidden, and the two right sets are also hidden. More details about I antenna are shown in Fig. 2(c) , taking the far left strap as an example, particularly illustrating the continuity between the strap and the antenna structure. For each of the straps, there is one end touching either the top or the bottom plate. By bridges, the strap is connected with the strap back plate, which is connected with the support structure on the top and bottom sides. Between straps, there are strips connecting them. The back side of the strip is a pad connected to coaxes. And, Fig. 2(d) shows the exploded view of B antenna with the main components indicated.
To get an RF analysis performed, plasma and vacuum need to be added to the model. Table I lists the overall dimension of the antenna, vacuum, and major/minor radius of the plasma.
With reference to the front surface of the strap, the plasma is about 10 mm in front of the strap. The overall width and height of the vacuum are about twice those of the antennas. Table II lists the material properties of the components (antenna, plasma, and vacuum). The straps and the support box are made of stainless steel 316L (SS 316L). The interest of this paper is the magnetic and electric fields of the antennas, not the plasma itself. The detailed property or result of the plasma is not of interest in this paper. Thus, the relative permittivity (ε r ) and electrical conductivity (σ ) of the plasma are set in such a way that the antenna is loaded. For I antenna, ε r = 250 and σ = 0.15 S/m are used [6] . For B antenna, water is selected, that is, ε r = 80.2 and σ = 5.5 × 10 −6 S/m [4] .
2) Material Properties of the Components for RF Analysis:
3) Boundary Conditions for RF Analysis: The walls of the coaxes are treated as perfect electric conductors without any significant loss. The power input ports are numbered as #1-4. By viewing from the vessel center, the top left is #1, the bottom left is #2, the top right is #3, and the bottom right is #4. For each simulation, one port is activated, the type is "coaxial," and the input power is 1 MW. The other ports are OFF. In addition, regarding B antenna, two ports are activated simultaneously with phase difference π, that is, [0, π] for pair #1 and 2 and pair #3 and 4.
For 2.5 T operation, H minority frequency is 38 MHz. For 3 T operation, H ion cyclotron frequency of minority ions is 45.6 MHz. The antennas sometimes run at frequency of 34-35 MHz, so a series of frequencies is selected, 34, 38, 45.6, and 50 MHz [10] . Then, a parametric study of these operation frequencies was also performed, when port #1 is activated for both I and B antennas.
B. Method for Disruption Analysis
The material properties of the antennas and vacuum are the same as those listed in Table II , so only geometry and boundary conditions are described as follows. 
1) Geometry for Disruption Analysis:
In disruption analysis, vacuum needs to be added. A wedge (30°) model of vacuum is used. Its radius is 4 m.
Due to the size of the problem, Faraday rods cannot be in a single model together with the straps and the support box. Thus, there will be multiple models; one includes the straps and the support box. The others model the Faraday tubes screen by screen. While viewing from the vessel center, starting from the left side, the screens are named A-D. For each of the screens, there are 43 tubes. Thus, there are totally 172 tubes.
As can be seen in Fig. 3 , there are totally 14 PF coils, which are symmetric about the midplane. For the purpose of clarity, only those PF coils with odd numbers are drawn, due to the symmetry. The plasma is represented by 31 filaments (four columns).
2) Boundary Conditions for Disruption Analysis: Currents for both PF coils and plasma filaments are imported. The currents are from the experiment shot #43884, as in Fig. 4(a) . The maximum of the total PF current is 2.94 MA. The current of each of the 31 plasma filaments was imported, and the maximum total current is 0.41 MA [11] .
The toroidal field varies with radial location and is constant along the toroidal direction. The maximum field is 2.6 T at radius 1.2 m.
Due to the time-varying (transient) currents from the PF coils and plasma, the resulted magnetic field is time varying, and thus eddy current is induced in the stainless steel 316L antenna. The current density in the antenna is illustrated in Fig. 4(b) . The effect of induced current in the antenna with the time-varying magnetic field results in the EM Lorentz force. Furthermore, mechanical stress results from the Lorentz force. 
C. Method for Thermal Stress Analysis
The purpose of the thermal stress analysis is to check the temperature and thermal stress in the straps and Faraday tubes. Since the straps are water cooled, three types of physics are involved in this analysis, fluid, heat transfer, and solid mechanics. Fluid (water) is simulated by computational fluid dynamics. The velocity field was incorporated into heat transfer. The temperature from heat transfer was incorporated into solid mechanics to get the thermal stress.
Both the straps and Faraday tubes are made of stainless steel 316L, and their properties are listed in Table II . Thus, only geometry and boundary conditions are described.
1) Geometry for Thermal Stress Analysis:
As for thermal stress analysis, only antenna (neither plasma nor vacuum) is needed. The parts of interest are current straps and Faraday tubes.
A typical strap (I antenna, strap #1, when viewing from the vessel center and counting from the left side) is modeled. The overall dimension of the strap (width × height × depth) is 100 × 780 × 201 mm 3 . The CAD model is illustrated in Fig. 5 . Fig. 5(a) shows the channel with water. Fig. 5(b) shows only the water, with dimensions of width × height × depth of 76 × 753 × 194 mm 3 . Fig. 5(c) shows only the channel, when the cover is removed. And Fig. 5(d) shows a close-up view of the inlet and outlet, which is in rectangular shape (30.5 × 5 mm 2 ). It is a single channel.
A typical Faraday tube (I antenna, screen #1 when viewing from the vessel center and counting from the left side and tube #22 counting from the top) is modeled, as shown in Fig. 6 . Fig. 6(a) shows the channel with water. Fig. 6(b) shows only the water, with diameter 6 mm. Fig. 6(c) shows only the channel with outer diameter 10 mm and inner diameter 6 mm. And Fig. 6(d) shows a close-up view of the circular channel (outer diameter is 10 mm). It is a single channel for each tube.
2) Boundary Conditions for Thermal Stress Analysis: The heat loads used in this simulation are the same as those in [3] , which are 0.3 MW/m 2 for the strap and 0.59 MW/m 2 for the tube.
As for water cooling in the straps and Faraday tubes, the inlet velocity is 2 m/s and the inlet temperature is 20°C.
III. RESULTS
Corresponding to Section II, the results are presented in the same order: RF, disruption, and thermal stress analysis. 
A. Result of RF Analysis
Both I and B antennas are analyzed with frequency 50 MHz. As soon as a simulation is performed, S-parameter is checked to make sure that the reflected wave is less than 70%, which means that the antenna is well loaded. In this paper, the purpose of including plasma is to load the antenna. The checking of the S-parameter is to make sure that the reflected wave is less than a certain level, for example, 0.7 (70%) was selected. The exact value of the S-parameter is not of interest in this paper. When power input port (#1-#4) is activated individually, the S-parameters are listed in Table III . They are all less than 0.7 (70%), showing that the antenna is well loaded.
Then, the electrical field E y (parallel to the magnetic field direction) is checked when each port is activated individually, as also seen in Table III . They are all smaller than the permissible level 1.5 MV/m (15 kV/cm), under the conditions of such scattering parameters [13] , [14] .
The perpendicular electric field is also checked. For all four straps, the fields are less than 0.75 MV/m. For I antenna, the E y near the cutout in the septum between straps is relatively large. It is favorable not to have any cutout on the septa. As contour plots on black-white print do not show good quality, a PPT presentation link is provided for the reader in [12] . Slides #7 and #8 show the electric field of the septum.
Furthermore, RF analysis was performed both antennas for the frequency range 34, 38, 45.6, and 50 MHz, and the results are plotted in Fig. 7 . Within this frequency range, the smaller the frequency, the smaller the electric field E y . They are all below the permissible level, under the conditions of such scattering parameters. [12] Only I antenna was analyzed. Two models were created, one was for the straps and the support box, and the other was the Faraday tubes' model. The time-varying current in the PF coils and plasmas results in the changing magnetic field, and subsequently induced current in the antenna. The EM force (torque) due to J × B results in the stress in the antenna. The three components of the EM force (Lorentz force) versus time are shown in Fig. 8 .
B. Result of Disruption Analysis
The maximum stress is 58.3 MPa, which is within the allowable limit (yield strength of the material at room temperature is 172 MPa). The stresses in the straps themselves are smaller than 10 MPa. The maximum displacement is less than 0.5 mm.
Four Faraday shields are modeled individually. Viewing from the vessel center, starting from the left side, they are named A-D. For each of the shields, there are 43 tubes. Totally, there are 172 tubes. Except the top and bottom tubes, stress in the rest tubes of all four screens is within the allowable limit. [12] Under the heat loads described in Section II-C2, the maximum temperature occurs at the front surface of the tube due to the fact that the heat load is applied on the front surface. Higher temperature can also be seen near the window cutouts and the curved areas. The maximum temperature of the antenna strap is 371°C, which is below the melting point of not only the substrate material stainless steel 316L (2620°C) but also the coating material copper (1083°C).
C. Results of Thermal Stress Analysis
As for the I antenna Faraday tube, the maximum temperature occurs at the front surface, particularly the curved areas due to the fact that the heat load is applied on the front surface. The maximum temperature is 207°C, which is below the melting point of the materials.
For both the strap and the tube, the temperature of cooling water is below the boiling temperature.
Regarding the allowable thermal stress, the same allowable stress 450 MPa as in [3] is used.
The thermal stress in the current strap that is on the front surface is higher due to the fact that the heat load is applied on the front surface. Stress concentration can be seen where the strap is constrained. The maximum thermal stress in the current strap is 336 MPa, which occurs at the curved areas, which is within the allowable limit.
Similar to the current strap, the thermal stress in the Fadaray tube is higher at the front surface because the heat load is applied on the front surface. The maximum thermal stress is 288 MPa, which is below the allowable limit 450 MPa.
The results, as listed in Table IV , are also compared with [3] where ANSYS was used rather than COMSOL. The results are consistent with each other.
IV. DISCUSSION
The existing EAST antennas fall into the category of classic antennas, because they intercept convective cell. An FA antenna has been proposed and under design. An FA antenna utilizes symmetry along the magnetic field lines to reduce unwanted parallel RF electric fields. Other benefits of an FA antenna include high couple power and no need to use low Z coatings. A coating is difficult to verify its thermomechanical properties, and flaking is problematic [10] .
A successful FA antenna has been developed, installed, and functioned in Alcator C-Mod, which would provide reference for the development of an EAST FA antenna.
V. CONCLUSION
EAST antennas (I port four-strap and B port 2 × 2 strap) are studied in aspects of RF, disruption, and thermal stress analyses.
Regarding RF analysis, when the operation frequency is 50 MHz and when various ports are activated, the scattering parameter for I antenna is 0.54-0.58 and 0.68 for B antenna, which are less than 0.7, the level indicating if the antenna is loaded. The maximum electric field parallel to the magnetic field (E y ) is 0.83-1.45 MV/m for I antenna and 0.45-0.51 MV/m for B antenna, which are smaller than the permissible level 1.5 MV/m (15 kV/cm). Furthermore, a parametric study with regard to frequency is performed for bother antenna when one of the four ports is activated for both antennas. Within the range of 34, 38, 45.6, and 50 MHz, the smaller the frequency, the smaller the electric field E y .
Regarding disruption analysis, the maximum stress in the straps and the support box of I antenna is 58.3 MPa, which is within the allowable limit (the yield strength of stainless steel 316L is 172 MPa). Except the top and bottom tubes in the Faraday screens, the stress in the Faraday tubes is within the allowable limit.
Regarding thermal stress analysis, when the heat load for the straps is 0.3 MW/m 2 and that for Faraday tubes is 0.59 MW/m 2 , the maximum temperatures for the strap and tubes are 371°C and 207°C, which are below the melting point of the materials (stainless steel 316L 2620°C and coating copper 1083°C). The maximum thermal stresses in both the strap and the tube are 336 and 288 MPa, respectively; both are within the allowable limit (450 MPa).
The approach described in this paper could be applied to F antennas. Furthermore, an FA four-strap antenna is under design in collaboration between EAST and MIT.
